GI36

-3

NACA TN 3321

FOR AERONAUTICS

TECHNICAL NOTE 3321

By Sanger M. Burk, Jr.

Langley Aeronautical Laboratory
Langley Field, Va.

Washington
December 1954

NATIONAL ADVISORY COMMITTEE

ANALYTICAL DETERMINATION OF THE MECHANISM OF AN AIRPLANE
SPIN RECOVERY WITH DIFFERENT APPLIED YAWING
MOMENTS BY USE OF ROTARY-BALANCE DATA

L

[m]seu‘%u' )

I

N

LMD
Af MLJ
aEpepno il a0 H‘“F‘W‘I\Fﬁm/]
TG Bt oo ts o on =
14:11:};:1 28“‘



TECH LIBRARY KAFB, NM

NATTONAL, ADVISORY COMMITTEE FOR AERONAUTICS ““m“m“mnmnm“mmnm“n

00bL0235
TECHNICAL NOTE 3321
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SPIN RECOVERY WITH DIFFERENT APPLIED YAWING
MOMENTS BY USE OF ROTARY-BALANCE DATA

By Sanger M. Burk, Jr.
SUMMARY

An analytical investigation has been undertaken in an attempt to
learn more about the factors which make up a spin and the mechanism of
recovery therefrom. Use is made of rotary-balance data and a step-by-
step integration process of Euler's equations of motion allowing six
degrees of freedom. The present study makes an analysis of an airplame
recovery from a right spin where constant applied antispin yawing moments
due to application of 800 and 1,600 pounds of force at the left wing tip
are considered.

The results of the investigation indicate that the spin recoveries
for both applied yawing moments were fairly rapid (1 turn or less), the
larger applied yawing moment effecting a somewhat faster recovery than
the smaller one. When the smaller yawing moment was applied, oscilla-
tions occurred 1n the angle of attack and sideslip during the recovery
and graduslly increased until recovery was effected. When the larger
yewing moment was applied, the angle of attack went rapidly to an
unstalled condition; however, the angle of sideslip osclllated somewhat
during the recovery. The recovery motion of the airplane appeared to be
affected primarily by the action of the moments rather than the forces.

INTRODUCTION

The spinning and spin recovery of airplanes have always been and
s8till are subJects of concern to manufacturers and pilots. The action
and effectiveness of various applied moments in upsetting spin equilib-
rium and in bringing about satisfactory recovery is not clearly under-
stood. Generally, dynamic scale models of airplanes are tested in the
ILangley 20-foot free-spinning tunnel as an expeditious means of deter-
mining whether the spin-recovery characteristics of the airplane are
satisfactory. In the past it has not been possible to determine from
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these tests how the various spin parameters change as the model recovers
in the tunnel, although a twin-camera technique is currently being given
consideration for obtaining such data. A few full-scale spin tests have
been performed in the past with the airplane Instrumented to determine
various spin parameters; however, these tests were expensive, time con-
suming, and in many cases the data were not reliable because of 4iffi-
culties encountered in properly instrumenting the airplane. An analytical
study of the mechanism of spin recovery therefore appears to be desirable;
however, the lack of the necessary six components of aerodynamic forces
and moments through a wide range of spin attitude angles and rates of
rotation generally has prevented an analytical Investigation of the spin
recovery in the past. In one instance, an analytical investigation of
the spin recovery (ref. 1) was made by use of step-by-step calculations
to determine the relative effectiveness of the rudder, elevator, and
ailerons of an airplane in producing recovery from s developed spin.

This investigation, however, was limited to the study of the 1lnitial
motions immediately following the application of the controls and not of
the entire motlion until recovery was effected. Furthermore, the study
was hindered because complete aerodynamic data were not available and
estimated constant derivetives were used.

The present investigation is an analytical determination of the
mechanism of airplane spin recoveries where different antispin yawing
moments (such as might be produced by rockets) are applied to effect a
spin recovery. This investigation utilizes aerodynamic forces and
moments obtained in the Langley 20-~-foot free-spinning tunnel from a six-
component rotary strain-gege balance over a wlde range of spin attitudes.
The data available were for a 1/10—scale model of an unswept-wing fighter
airplane; also, results of tests of a 1/20-scale dynamic model of the
same design were avallable. These aerodynamic data were used previously
in an analyticel investigation of a spin recovery by rudder reversal,
the results of which have been published in reference 2.

Because of certain discrepancies in the rotary-balance data similar
to those discussed in reference 3, some modificetions were made to the
aerodynamic data used in calculating the results in reference 2 and also
the results in this paper; these discrepancies and modifications are
discussed in detall herein. The discrepancies in the rotary-balance
data are believed to be due to difficulties involved in setting the
attitude of the model in order to obtain correctly the aerodynamic data
for simulation of a steady spin.

SYMBOIS -

The spin-recovery motions were calculated with respect to the body
system of axes (fig. 1) and the forces and moments also were measured
with respect to these axes. In addition, the calculated motions are
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presented in terms of Euler's angles (fig. 2). In general, the positive
directions of the forces, moments, velocities, and angles are shown in
Tigures 1 and 2. For convenience, the wing span b was used to nondi-
mensionalize all moment coefficients.

Cx longitudinal-force coefficient, — 2
- V. lpV 2 s
5"'R
Cy lateral-force coefficient, —X
SoVR2S
2P'R
c normal-force coefficient 2
4 ! O
EpVR S
C’L rolling-moment coefficient, -]-_—L—
2
Cmb pitching-moment coefficient (subscript denotes that the
pitching moment was nondimensionalized by b rather
than @), TM?_
§pVR Sb
Cn yawing-moment coefficient, —N__
1 28b
2P'R
X longitudinal force acting along X body axis, 1b
Y lateral force acting along Y body axis, 1b

Z normal force acting along Z body axis, 1b

L rolling moment acting about X body axis, ft-1b
M pitching moment acting about Y body axis, £t-1b
N yawing moment acting about Z body axis, f£t-1b
S wing area, sq Tt

b wing span, £t

p air density, slugs/cu ft




b,q,r

ol

x/c

z/¢

kxo Xy, ¥z,
I Iy, Iy
Iy - Iy

Iy - Iz

‘airplane relative-density coefficient, =

mass of airplane,
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spin radius in developed spin, distance from spin axis
to center of gravity, ft

vertical component of velocity of airplane center of
gravity (rate of descent), ft/sec .

-~ - -

resultant linear velocity, ft/sec

-

components of velocity VR along the X, Y, and Z body
axes, respectively, ft/sec

resultant angular velocity (if axis of resultant rotation
is vertical, Q = V¥,), radians/sec

“components of angular velocity @ about the X, Y, and

Z body axes, respectively, radians/sec

pSb

weight

g slugs

~ local chord, ft

mean aerodynamic chord, ft

ratio of distance of center of gravity rearward of leading

edge of mean aerodynamic chord to mean aerodynamic chord
ratio of distance between center of gravity and X body

axis to mean aerodynamic chord (positive when center

of gravity is below X body axis)

radii of gyration about X, Y, and Z body axes, respec-
tively, ft

moments of inertia about X, Y, and Z body axes, respec-
tively, slug-fi2

Inertia yawing-moment parameter

>inertia rolling-moment parameter
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Iy - Ix

Pe

inertia pitching-moment parameter

gyrodynamic yawing term

B Y A S

gyrodynamic rolling term

gyrodynamic pitching term

_ acceleration due to gravity, taeken as 32.17 ft/se02

total angular movement of X body axis from reference
poslition measured in horizontal plane, positive when
clockwise as viewed from above airplane, deg or radians
as indicated

total angular movement of X body axis from horizontal
plane measured in vertical plane, positive when airplane
nose 1ls above the horizontal plane, deg or radians as
indicated

~ total angular movement of Y body axis from horizontal

plane measured in the YZ body plane, positive when
clockwise as viewed from rear of airplane (if X body
axis is vertical, ¢e is measured from a reference

position in the horizontal plane), deg or radians as
indicated

(It should be noted that 6., @e, 8nd VY, are Euler's
space angles and can exceed 360°. The angle YV, is
sometimes referred to herein as an azimuth angle.)

angle between Y body axis and horizontal measured in

vertical plane, positive for erect spins when right
wing downward and for inverted spins when left wing
downward, deg o

resultant angular velocity about vertical axis, deg/sec
or radians/sec as indicated

. angle of attack; angle between relative wind VR pro-

Jected into the XZ plane of symmetry and the X body
axls, positive when relative wind comes from below
XY body plane, deg
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B angle of sideslip; angle between relative wind VR and

plane of symmetry at center of gravity, positive when
relative wind comes from right of plane of symmetry,

deg
F applied force, 1b
t time, sec

A dot over a symbol represents derivative with respect to time; for

. du
axample, u = e

GENERAIL. CONSIDERATIONS

A spin of an airplane is a motion wherein the airplane descends along
a helical path with the mean angle of attack greater than the angle of
attack at maximum 1ift. During the descent the spin may be steady or
oscillatory (a condition where the airplane may either, in combination or
individually, roll, yaw, and pitch) depending on both the aerodynamic and
inertia characteristics of the airplane (ref. 4). In order to understand
better the dynamics of the spin and spin recovery to be discussed in
detall later, a more general examination of the motions and the forces
and moments which cause them would appear to be desirable now. In a
fully developed steady spin (i.e. no oscillations present) the aerodynamic
forces and moments must be balanced by the inertia forces and moments
produced by the rotating mass of the airplane in order to obtain a condi-
tion of dynamic equilibrium. Thus in a true steady spln all rates of
change of velocities relative to the body axes are zero. All airplanes,
however, apparently oscillate to some extent in the fully-developed spin
and therefore accelerations relative to the body axes are always present.

An airplane is considered to have recovered from the spin when the
angle of attack at the center of gravity of the airplane is below the
stall. Recovery from a spin 1s generally attempted by movement of one
or more of the alrplene controls to upset the spinning equilibrium.
Application of a yawing moment has been recognized in the past as an
effective means of terminating spinsg, although recoveries of airplanes
may be greatly affected by mass distribution to an extent that an applied
pitching or rolling moment may be essential for recovery (ref. 5). In
recovering from the spin the motion of the airplane may be quite varied.
In some instances, the time rate of change of the azimuth angle V. may
decrease to zero and thus indicates that the rotation of the airplane has
ceased. In other cases, the airplane may be turning or rolling, a condi-
tion where Ve would not be zero. These types of motion could be classi-

fied as a spiral or aileron roll, respectively. Also the airplane may
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roll or piltch rapidly to an inverted attitude for which condition ﬁe
is not zero.

The time for recovery of the airplane is measured from the time at
which the moment is applied until the spin 1s terminated. The number
of turns for recovery which is normally used in the evaluation of spin
recoveries in the Langley free-spinning tunnel investigations can be
obtained from the maximum azimuth angle V. attained during recovery.

If the airplane recovers from the spin in 2% turns or less after the

moment 1s applied, the recovery is considered to be satisfactory.

PROCEDURE

Method of Analysis

In order to evaluate the various factors which influence the spin-
recovery motion, calculations were made by using the six equations of
motion. A step-by-step rather than an analytic solution of these equa-
tions of motion was made because the gyrodynamic terms are nonlinear in
these equations since these terms are the product of two velocities, and
in addition the aerodynamic terms are nonlinear because of the large
angles involved in the spin recovery. ZEuler's step-by-step method was
used as presented in reference 6. Euler's equations of motion for six
degrees of freedom (ref. 7) are so arranged that the terms on the left
side of the equations are the aerodynamic and gravity component terms
and those on the right side are the inertia terms, including centrifugal
and gyrodynamic terms. These equations are:

X - m(g sin 8¢) = m(u - rv + qw) W

Y + m(g cos 8g sin fe) = m(¥ - pw + ru)

it

Z + m(g cos 8¢ cos fe) = m(ir - qu + pv)

(1)
L = pIy - (Iy - Ig)ar

M= QIY - (IZ - IX)PI'

N =1z - (Ix - Iy)ra y

For this investigation the body axes are assumed to be the principal
axes and, consequently, the product-of-inertia terms are zero.
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The components of the weight along the body axes are defined by the 4
use of Euler's angles. (See fig. 2.) By using these particular angles,
a body can be positioned in space in the same attitude regardless of the
sequence of angular movement. -

For the calculations in this paper, a yawing moment is applied to
the airplane to effect a spin recovery. This yawing moment is obtained
by applying a force at the left wing tip of the airplane, which is
spinning to the right. Since a force is applied at the wing tip, a term
must be added to the longitudinal-force equation, inasmuch as the force
acts parallel to the X body axis, and a term must be added to the yawing-
moment equation because the force produces a yewing moment about the
Z body axis. If these two additional terms are included and the forces
and moments are expressed in nondimensional form, equations (1) may be
solved for the linear and angular accelerations to be used in the step-~
by-step calculations as follows:

-

A in E
u—'ﬁ X-—gs Ge+r'v-qw+i-l

. VRE

V= a0 Cy + g cos B¢ s8in fe + DW - ru
W= 55_ Cy + g cos B cos Pe + qu ~ PV

(2)

-/

( )CZ + (Ez—i;s%>Qr
- e W
q-= aiy‘?)cmb ( IY>P

. V.2 T, - T F5
t={—2clep + (ZXo—Flpa+ =
2|!kz2 Iy, Iz

In order to determine Euler's angles 6, and @, for each step
in the calculations, the following equations from reference 2 are used:

~

é%(-Sin 8c) = r(cos Be sin ¢e) ~ q(cos B¢ cos ¢e) (3a)

é%(cos 8e 5in Pe) = p(cos 8 cos Pa) - r(-sin 8g) (3v) .
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é%(cos e cos Pe) = g(-sin 0) - p(cos ee sin fe) (3¢c)

The same method as used previously in reference 6 (Fuler's method) is
used to determine the values of these angles. The third Euler angle ¢
is determined. from\the following equation given in reference 2 or 8:

. - P '
‘*‘e=§§1n—e'g (4)

By graphically integrating ie over the time Interval used, the change
in we was obtained for that time periocd.

Consideration of Rotary-Balance Data

The aerodynamic data used for the step calculations were obtained
on the rotary balance of the Langley 20-foot free-spinning tunnel. The
dimensions of the model are shown in figure 3 and the corresponding
full-scale dimensions are presented in table I. The corresponding full-
scale mass parameters, control settings, and initial developed-spin
characteristics of the model are shown in tgble II. These data include
no effects of accelerations such as are asccounted for by the so-called
dot stability derivatives. The effect of the dot stability derivatives
on the spin and spin recovery are not known, since accelerations due to
oscillations cannot be simulated on the rotary balance. In order to
avold extensive balance tests in the present investigation and also
because of limitations of the equipment, certain liberties were taken
with the control and attitude settings of the model. Thus, & minimum
number of control settings were tested on the rotary-balance model.

For zero sideslip, the rudder was set with, neutral, and against the
spin, and for dngles of sideslip other than zero, the rudder was main-
tained at neutral. In order to provide a rudder-with or rudder-against
spin condition for angles of sideslip other than zero, the increments

of aerodynamic 'forces and maments due to rudder deflection at zero side-
8lip were added to the values of the serodynamic forces and moments
obtained at other values of sideslip. In addition, because extensive
tests would have been required, the spin raedius was assumed to be zero
throughout the -present investigation. Some previous unpublished data
obtained in the ILangley 20-foot free-spinning tunnel have indicated that,
for apparent steady-spin conditions, the rotary-balance data were not
appreciably different when a value other than zero was used for spin
radius and when the spin radius was set at zero and a, B, and Q were
adjusted to have the values that they would have had if a spin radius
other than zero had bteen used. It is possible, however, that if the
radius of turn should become relatively large, the use of zero-spin-radius
balance data in computing the spin recovery may have some effect on thet
part of the calculated motion.
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Results of the investigation of reference %, in which a model was
mounted on the rotary balance at attitudes and control settings corre-
sponding to those for apparently steady spin conditions obtailned previ-
ously with a dynamic model, indicated that the aserodynamic data obtained
were inconsistent with the assumption of a steady spin in that the aero-
dynamic forces and moments did not balance the inertia forces and moments.
Because of this discrepancy, it would be necessary to modify either the
aerodynemic data or the inertia characteristics of the airplane to simu-
late equilibrium in & steady spin. In the present investigation also,
the serodynamic and inertia forces and moments were not in balance for
the initial steady spinning motion, and thus it was arbitrarily decided
to modify the aerodynemic data by adding the required increment to each
force and moment coefficient to indicate equilibrium in the steady spin.
During the calculated spin-recovery motion, the aerodynamic datae were
modified by adding these same increments at each time interval. The use
of these corrections does not mean that the balande gives erroneous
readings; as previously mentioned, the inconsistencies are believed to
be primarily dvue to difficulties involved in setting the attitude of the
model in order to cbtain correctly the aerodynamic data for simulation
of a steady spin.

Some of the modifications or corrections to the aerodynamic data
were rather large; however, the corrections made to the aerodynamic data
did not change the slopes of curves plotted from the aercdynamic date with
respect to the variables of the motion, and these corrections might there-
fore be considered to represent a change in the aerodynamic characteristics
of the model in order to obtein equilibrium in a steady spin without
changing the stability of the airplane in the spin. Thus, if the stability
of the airplane in a spin determines the more important characterigtics of
the spin-recovery motion, the calculated recovery may represent fairly well
that of the actual rotary-balance model tested.

CONDITIONS FOR CALCULATIONS

With the addition of the incremental corrections to the aerodynamic
data, the airplsne is considered to be in a condition of spinning equilib-
rium at zero time; the airplane also is considered to be spinning to the
right at an altitude of 15,000 feet. For the particular spin considered
in the calculations, the rudder was with the spin, the elevator up, and
the ailerons against the spin. The initial developed spin characteristics
of the airplane were obtained by taking the average values of the spin
characteristics available from free-spinning test results of a l/20-scale
dynamic model of the unswept-wing fighter airplane and by assuming that
these average values constitute a so-called steady spin. Since ©6e and

Pe are constant in a steady spin, 8 and @ were zero.
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For the purposes of comparison, recovery from the spin is attempted
at zero time by applying 800 pounds of force at the wing tip for the first
condition and 1,600 pounds of force for the second condition (equivalent
to -20,000 and -40,000 foot-pounds of yawing moment, respectively). The
force acts rearward on the left wing tip of the airplane so that an anti-
spin yawing moment is applied about the Z body axis. The application of
the force is parallel to the X body axis and acts continuously throughout
the attempted spin recovery. Also, all controls are maintained in their
original settings throughout the attempted spin recovery.

The time interval between steps in the simple Euler step-by-step
procedure should be small enough to insure reasonably accurate results.
Brief calculations were made with the time interval varied in order to
arrive at a time interval that would give reasonably accurate results
and yet would not unduly lengthen the calculations, which were performed
by use of menually operated machines.

PRESENTATION OF RESULTS

The date are presented for the applied yawing moments and are in
terms of the full-scale airplane motion. The results of the calculations
are plotted in the figures as functions of time. The figures for the
various variagbles are listed in the following table:

Variable Figure
Linear accelerations, U, V, 804 W « ¢ o « « o« & =« o o o o o o « 4
Angular accelerations, D, g, and ¥ . . . . . ¢ ¢ 0 e 0 4 o . . 5
Angle of attack o and sideslip B« « « ¢ 4 4 4 4 4 4 . e e o . 6
Euler space angles, 6. and o . « « « « « ¢« ¢« ¢« o o 00 .. T
Terms composing linear accelerations . . . . . ... .. ... 8and9
Terms composing angular accelerations . . . . . . . . . . . . 10 and 11
Linear velocities, u, v, and w . . . . . . ¢ ¢ ¢ ¢ ¢ v e v .. 12
Angular velocities, p, g, and r . . . . « ¢ ¢ v e v e 4 e . . . 13
Resultant and vertical velocity, Vg and Vy . . . .. . .. .. ik
Comparison of VR and Vy . . . . . . ¢ o o v o v v v v v 0 o .. 15
‘tlfea.nd\lfe........................... 16
DISCUSSION

As previously mentioned, yawing moments of -20,000 and -40,000 foot-
pounds were applied to the alrplane to effect a recovery. Based on the
resultant linear velocity in the steady-spin condition, these moments are
equivalent to yawing-moment coefficients of -0.027 and -0.054, respec-
tively, at the spin altitude.
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Comparison of Varied Yawing Moments on Spin Recovery

The variation of the components of the linear and angular accelera-
tions, or time rates of change of velocities, of the airplane (figs. 4
and 5) along and about the body axes which resulted fram the application
of -20,000 and -40,000 foot-pounds of yawing moment indicated that those
produced by the -40,000 foot-pounds of yawing moment were larger through-
out the entire spin recovery (t = O to 1.5 seconds) than those produced
by the application of the -20,000 foot-pounds of yawing moment for the
same period of time. However, the values at the end of the spin recovery
(t = 3.45 seconds) for the condition for which -20,000 foot-pounds of
yewing moment had been applied were considerably larger than those at
the end of the spin recovery for the cordition for which -40,000 foot-
pounds of yewing moment had been applied.

With the application of the smaller antispin yawing moment, oscilla-
tions occurred in the angle of attack and sideslip (fig. 6) during the
spin recovery vwhich gradually increased untll recovery was effected
(0 goes below stall angle). When the larger yawing moment was applied,
the angle of attack went rapidly to an unstalled condition (fig. 6);
however, the angle of sideslip oscillated somewhat during the recovery.

In order to ascertain how the attitude of the airplane was changing
in space during the spin recovery, two of the Euler space angles (ee and
¢e) were plotted in figure 7 for both the -20,000 and -40,000 foot-pounds
of applied yawing moment. In general, when the small antispin yawing
moment was applied, the airplane rolled to the right 8° (t = 1.25 seconds)
and then rolled to the left 40° (t = 2.35 seconds) as the airplane pitched
down from a value of 8g of -44° to -71°. At this point the alrplane

pitched up to -50° (t = 3.00 seconds) and then down to -77° where the
calculations ended. In the meantime the airplane rolled very rapldly from
the left to the right and continued to roll to the right untlil it rolled
over inverted (e > 90°) at a time of 3.52 seconds.

When the large antispin yawlng moment was applied, the airplane
pitched down rapidly from -44° to -105° (t = O to 2.00 seconds) while
rolling to the right 41°, even though the ailerons were against the spin.
This behavior will be discussed in detail in a subsequent section. The
fact that 6, exceeded -90° indicated that the airplane had pitched over
in an inverted position. Thus, one of the essential differences observed
In the types of recoverles was that, with the application of the small
antispin yawing moment, the airplane rolled over to an inverted position
or low angle-of-attack attitude; whereas, with the application of large
antispin yawing moment, the airplane pitched over to an inverted attitude.

Tt might be of interest to note that, when the small antispin yawing
moment was applied, the resultant anguler velocity Q actually increased
appreciably near the end of the spin recovery (fig. 13, t=3.00 seconds)

~
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and then decreased rapidly. This increase in Q was the result of an
increase in the rolling anguler velocity p due to a rolling moment which
was caused by negative sideslip previous to the increase in Q. When the
large antispin yawing moment was applied, Q decreased continuously
throughout the recovery (fig. 13).

Evaluation of Terms in Equations of Motion

The motion of an alrplane in a spin recovery is very complex because
many interrelated variables determine the motion, as indicated by Euler's
equations of motion about and along the principal axes of the airplane.
In order to understand the mechanism of recovery when different antispin
yewing moments were applied, it appeared desirable to determine to what
extent the different terms in Euler's dynamicel equations affected the
motion of the airplane in the present investigation.

Inasmuch as the attitudes in the spin and recovery are influenced by
the linear and angular velocities, which in turn can be determined from
the time rates of change of velocities, time histories of the terms that
compose the linear accelerations along the X, Y, and Z body axes for both
applied yawing moments were plotted in figures 8 and 9 and of the terms
that compose the angular accelerations about the X, Y, and Z body axes
were plotted in figures 10 and 11. The results in figures 8(a) and 9(a)

2

indicated that the aerodynamic-longlitudinal-force term ggﬁ Cxy and the
applied force term F/m were relatively small and therefore negligible
in determining u. Although the applied force was relatively small in
this investigation, it may not always be insignificant. In figures 8(b)
and 9(b), the results indicated that the gravity term g cos 8¢ sin @,

2
and the gerodynamic lateral-force term ;EE Cy Were negligible in
determining v. All terms appeared to be important in determining w.
(See figs. 8(c) and 9(c).) The results presented in figures 10 and 11
Indicated that all terms had approximately the same relstive lmportance
in determining the angular accelerations (P, @, and ). For this
investigation, it should be noted that, for a right erect spin and up
to the time of recovery, u, w, p, and r were always positive
(figs. 12 and 13).

Inasmuch as the aerodynamic longitudinal and lateral forces were
negligible, the resultant aerodynamic force lay approximately along the
Z body axis. Although the force of gravity did not affect the magnitude
of ¥ (eq. (2)) appreciably (because either @, was small or 6, Wwas
large during the spin), the gravity terms were important in the equations
for determining 1 and Ww. Generally, the resultant aerodynamic force
and the gravity force might affect the angles of attack and sideslip



14 NACA TN 3321

through changes in the direction or magnitude of the resultant wind Vg

(fig. 14). A comparison between the resultant and vertical linear veloc-
ities (VR and Vy, respectively) in figure 15 showed no essential differ-

ences; thus the path of the airplane center of gravity, or the direction
of the resultent wind, remained almost vertical in this investigation.
The movement of the airplane center of gravity horizontally, therefore,
was small. Also, because the path of the airplane center of gravity was
essentially vertical in this investigation, the vertical component of the
resultant aerocdynamic force and the force of gravity appear to have no
appreciable effect on the angles of attack and sideslip except through
the influence of a change in dynamic pressure on the moments acting.

During most of the recovery the variation in the magnitude of the
resultant linear velocity Vg (fig. 14) was small; therefore, the vertical
camponent of the resultant force nearly balanced the force of gravity.

Near the end of the recovery, especially for the condition where the
-20,000 foot-pounds of yawing moment was applied, Vg 1increased appre-
ciably as did Vy (t = 3.0 seconds); this increase indicated that the

vertical component of the resultant aerodynamic force decreased.

The foregoing discussion indicates that, in this investigation, the
forces were relatively unimportant in determining the spin-recovery motion
and only the moments were probably significant.

Effect of the Application of -20,000 Foot-Pounds of
Yawing Moment on the Mechanism of Spln Recovery

Application of -20,000 foot-pounds of yawing moment led to an imme-
diate yawing angular deceleration (negative ), which decreased the yawing
angular velocity r (figs. 5 and 13, respectively). There was little
immediate change in the rolling velocity p (fig. 13). Because of the

decrease in 1, the gyrodynamic pltching term Ggéi%izz)pr in the equa-
Y

tion for q was decreased immediately so that an unbalance between the
gyrodynamic and aerodynamic pitching moments caused the airplane to pitch
down immediately (negative q). (See figs. 10(b) and 13.) The sideslip,
which had been slightly outwaerd (negative) in the spin, immediately began
to change until it became positive at a time of 0.80 second (fig. 6).
This change in sideslip angle was primarily due to a reduction in the
yawing velocity of the airplane associated with the applied yawing moment
rather than due to an attitude change. A brief explanation of this
relationship is as follows: The angle of sideslip for this phase of the
motion (fig. 6, t = O to 0.80 second) is determined primarily by v since
Vg 1s relatively constant <13 = gin~! V"-) Since v is determined by

R .
Vv, B also is determined by v. As previously mentioned, the important
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terms in the equation for Vv (eq. (2)) are pw and ru. For this
phase of the motion (t = O to 0.80 second), w and u (fig. 12) change
only slightly and p 1is essentially constant (fig. 13); thus r, which
varies apprecisbly (fig. 13), 1s the primary factor in determining the
sideslip angle. Since r is determined by changes in 1, determination
of the quantities that affect r 1is necessary. As indicated in equa-
tion (2), the yawing angular acceleration T can be affected by the
constant applied yawing moment, the rolling and pitching velocities, and
the aerodynamic yawing moment as influenced by attitude changes of the
airplene. The results in figure 10(c), where the terms composing T

2

are plotted, show that the applied yawing-moment term fg is considerably
Z
larger then the other terms for the time interval considered (t = 0 to

0.80 second). This result indicates that the applied yawing-moment term
primarily determines the value of r and thus the sideslip angle.

As previously mentioned, p remained essentially constant for the
time interval considered (fig. 13, t = O to 0.80 second) because D
was almost zero (fig. 5). There was little rolling angular acceleration
P because as the airplane pitched down (fig. 7) & positive increase in
the gyrodynamic rolling moment resulted (fig. 10(a), + = 0.50 second).
This increase, however, was quickly compensated for by a negative increase
in the aerodynamic rolling moment (fig. 10(a), t = 0.50 second) apparently
due to positive sideslip.

For this phase of the recovery (up to t = 0.80 second) although the
Ix - T
gyrodynsmic yewing term <—§TE?%9PQ (fig. 10(c)) became positive (pro-

spin) because of the combination of a negative pitching velocity and a
negative loading (;X - Iy>, the yawing angular acceleration, r (fig. 5)

continued to remain negative; thus the yawing angular velocity r con-
tinued to be reduced (fig. 13). This reduction in r continued because
the applied antispin yawing moment was considerably larger than the gyro-
dynamic yawing moment, and the aerodynamic yawing moment was very small
for this phase of the recovery and therefore did not influence the motion
to any apprecisble extent. (See fig. 10(c).) It should be noted,
however, that for a smaller applied yawing moment or a different loading

the gyrodynamic and aerodynamic yawing moments may be much more
significant.

As the angle of attack continued to decrease, the sideslip began to
decrease positively (fig. 6, t = 1.20 seconds) and eventually became
negative (fig. 6, t = 1.40 seconds). This decrease appears to occur
primarily because the aerodynamic rolling moment due to dihedral effect

eventually became slightly larger negatively than the gyrodynamic rolling
moment (fig. 10(a), t = 0.80 second) and thus at some time previous to
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the decrease in sideslip, the airplane began to roll slightly to the left
gbout its X body axis. 1In addition, as the angle of attack decreased,
2

v
the aerodynamic pitching term 2u§ ‘Cmb became smaller than the gyro-

2
Y

dynemic pitching term 55_%_53 pr (fig. 10(b), t = 1.50 seconds);
Y

eventually & nose-up pitching moment and a positive g resulted (fig. 5,
t = 1.70 seconds). Therefore, the angle of attack eventually began to
increase (fig. 6, t = 2.10 seconds). The failure of the gyrodynamic
pitching moment to decrease as rapidly as the aerodynamic pitching moment
apparently may be explained by the fact that, although there was a decreast
in the yawing angulaer veloclity r, there was also an appreciable increase
in the rolling angular velocity p because of negative sideslip (dihedral
effect). It should be noted that the angle of attack previously had been
decreasing continuously from zero time until the end of 2.1 seconds. The
angle of attack at this time was approximately 17.5°. The airplane was
not considered to be out of the spin at this time, as it was still beyond
the stalling angle of attack of the model from which the rotary balance
data were obtained (a = 11°); the azimuth angle V¥, was still increasing

(£ig. 16).

As the angle of attack increased (fig. 6, t = 2.25 seconds), the
negative sideslip continued to increase for a very short period and then
began to decrease very rapidly (fig. 6, t = 2.50 seconds). This rapid
decrease in the negative sideslip was due to changes both in the yawing
motion and the attitude of the airplane and may be explained in the
following manner. The use of a method of analysis simjlar to one employed
previously in this report indicates that, from an examination of the
equations for v and r and also figures 8, 10, 12, 13, and 14, the
change in sideslip was due in part to the yawing motion resulting from the
applied yawing moment and in part to the pitching up and rapid rolling to
the right of the airplane about its X body axis because of a large positive
aerodynamic rolling moment (fig. 10(a), t = 2.25 to 2.87 seconds). This
large moment was primarily the result of a large dihedral effect and the
fact that the resultant wind velocity VR (fig. 14), which had not varied
much up to this time, began to increase more rapidly throughout the rest
of the recovery; thus the nagnitude of the aerodynemic moments was also
increased. In addition, the antispin gyrodynamic rolling moment was very
small (fig. 10(a), t = 2.25 to 3.00 seconds), almost insignificant, during
this phase of the recovery as both q &and r had small positive values
(fig. 13). The pitching angulsr velocity q had a small positive value
because of a large reduction in the aerodynamic nose-down pitching moment
that occurred at t = 2.1 seconds (fig. 10(b)), where the angle of attack
had reached e minimum (fig. 6). The yawing angular velocity r had a
small positive value because of a large negative 1 (fig. 5) as a result
of a combination of negative aerodynamic and gyrodynamic yawing moments
and the applied negative yawing moment (fig. 10). The negative gyrodynamic
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Yawing moment resulted from a combination of a positive pitching veloc-
ity q (resulting from the airplane pitching up) and a negative mass
loading Iy - Iy of the airplane. The aerodynamic yawing moment became

negative primarily because of the yawing moment due to negative sideslip.

As the negative sideslip continued to decrease rapidly to zero, the
rate of increase in the angle of attack begen to decrease (fig. 6,
t = 2.75 seconds) because the aerodynsmic pitching moment was rapidly
becoming larger negatively then the gyrodynamic pitching moment (fig. 10(b),
t = 2.50 seconds). The increase in the aerodynamic pitching moment
resulted from an increase in angle of attack and the increase in Vg,
whereas the gyrodynamic pitching moment decreased positively because the
€roduct §f the rolling and yawing angular velocities was decreasing

fig. 13). .

The angle of attack eventually reached a peak at a time of 3.0 sec-
onds (fig. 6) and then decreased very rapidly. The rapid decrease in
angle of attack can be attributed to the relatively large negative aero-
dynemic pitching moment, which also peaked around 3.0 seconds (fig. 10(b)),
and the fact that the gyrodynamic pitching moment decreased somewhat more
rapidly than previously (fig. 10(b)). The rapid decrease of the gyro-
dynamic pitching moment occurred because the rolling angular velocity p
was decreasing very rapidly (fig. 13, t = 3.0 seconds); thus the occurrence
of a slight increase in the yawing angular velocity r was offset (fig. 13,
t = 3.25 seconds). The rapid decrease in p may be attributed primarily
to the large negative aerodynamic rolling mment due to dihedral effect and
the fact that the allerons, which were against the spin, became more effec-
tive at the very low angle of attack. The gyrodynamic rolling moment,
which was positive (because q was negative), was nevertheless small
compared to the large aerodynemic rolling moment, even though q and r
both increased somewhat (fig. 13). This increase in r was the result of
the aerodynamic yawing moment becoming positive primarily because of
positive sideslip end the gyrodynamic yawing moment also becoming positive
because, as previously mentioned, g was negative.

For the final phase of the recovery motion, the angle of attack
decreased until it became negative at a time of approximstely 3.55 seconds
(fig. 6). The recovery of the airplane was considered to be completed at
a time of 3.45 seconds where it became unstalled. The magnitude of the
azimuth angle Ve (fig. 16) became a maximum at a time of 3.20 seconds;
this indicates that the rotation of the alrplane about a vertical axis had

ceased. This result indicates that the airplane recovered in approximately
one turn.
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Effect of the Application of -40,000 Foot-Pounds of
Yawing Moment on the Mechanism of Spin Recovery

When the large antispin yawing moment (-40,000 foot-pounds) waes
applied, like the smaller yawing mament, it immediately made the yawing
angular acceleration % negative (fig. 5), which in turn reduced the
yawing angular velocity r (fig. 13). The yewing angular velocity r
decreased considerably faster for the larger applied antisplin yawing
moment than for the smaller one (fig. 13), even though the gyrodynamic
and aerodynamic yawing moments generally were positive (pro-spin) for
the entire spin recovery (fig. 11(c)). The rolling angular velocity p,
in generel, was affected in the same manner by the large applied antispin
yawing moment as by the smaller one In that p did not vary appreciably
during the first part of the recovery motion (fig. 13, up to % = 0.85 sec-
ond) . ch as r decreased rapidly, the gyrodynamic pitching

;_Z__;__I_. pr decressed rapidly (fig. 1i(b)) and resulted in a large
Y

unbalance between the gyrodynamic and aserodynamic pitching moments. The
airplene consequently began to pitch down rapidly. The sidesldp, which
was initially negative, changed rapidly until it became positive (fig. 6,
t = 0.50 second). The change in sideslip was primarily due to a change
in yawing velocity associated with the applied yawing moment (rather than
due to an attitude change). This conclusion is obtained on the basis of
the same method of analysis that was employed previously for the condition
where the small yawing moment was applied.

term

The angle of attack was reduced continuously throughout the recovery
from zero time (fig. 6). This differed from the motion which was produced
when the smell yawing moment was applied. Also, the resultant wind veloc-
ity VR 4id not vary appreciably during the entire spin recovery (fig. 14)
apparently because the recovery was so rapld that .Vg did not have time

to increase sppreciably as it did when the small yawing moment was applied.

In the final phase of the recovery where the angle of attack was
reduced untll the airplane was below the stall, the rolling anguler veloc-
ity p decreased very rapidly because of dihedral effect and because the
ailerons which were set against the splin had become very effective at low
angles of attack (fig. 13, + = 1.5 to 2.0 seconds). The airplane was
considered to have recovered fram the spin at a time of approximately
1.5 seconds when the alrplane became unstalled even though the azimuth
angle Ve continued to increase slightly throughout the recovery (fig. 16).

This rotation to the right continued because in addition to the rudder
being set 80 as to keep the airplane turning to the right the momentum of
the airplane undoubtedly forced it to continue to rotate to the right for
a short while. The alrplane appeared to have recovered in spproximately
one-third of a turn (fig. 16).
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Comparison Between Spin Recoveries Obtained by Applying
a Constant Yawing Moment and by Rudder Reversai

A brief comparison has been made between g spln recovery calculated
herein for a condition where -20,000 foot-pounds of constant yawing
moment was applied and a recovery calculsted in a previous investigation
(ref. 2) wherein recovery was effected by rudder reversal from the same
initial developed spinning condition as used in this paper. The yawing-
moment coefficient due to rudder reversal was -0.0022 as compared to
-0.027 for -20,000 foot-pounds of applied yawing moment.

In general, the varlations of the time histories of the angle of
attack and sideslip for the conditions where the yawing moment was
applied and the rudder reversed were similar in that oscillations
occurred in the angle of attack and sideslip which gradually increased
until recovery was effected. The time for recovery when the rudder was
reversed was approximately 5.7 seconds and the turns for recovery were 2;
for the condition where -20,000 foot-pounds of yawing moment was spplied
the time for recovery was 3.55 seconds and the number of turns 1. The
results obteined when the rudder was reversed also indicated that the
airplane descended in an almost vertical path which was similar to the
motion obtained when the -20,000 foot-pounds of yawing moment was applied.

CONCILUSIONS

An enalytical investigation of the mechanism of airplane Bpin
recovery with different applied antispin yawing moments indicates the
following conclusions:

1. The recoveries were satisfactory for both applied yawing moments.
Both recoveries were very rapid, the larger applied yawing moment effec-
ting a somewhat faster recovery than the smaller one.

2. When the smaller yawing moment was applled, oscillations occurred
in the angle of attack and sideslip during the recovery which gradually
increased until recovery was effected. When the larger yawing moment was
applied, the angle of attack went rapidly to an unstalled condition;
however, the angle of sideslip oscillated somewhat during the recovery.

3. The recovery motion of the airplane appeared to be affected
primarily by the action of the moments rather than the forces.

Langley Aeronautical Ieboratory,
National Advisory Committee for Aeronautics,
Iangley Field, Va., September 24, 195L.
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TABLE T
DIMENSIONAL CHARACTERISTICS OF THE FULL-SCALE ATRPLANE

REPRESENTED BY THE 1/10-SCALE ROTARY-BALANCE MODEL

Wing span, £t . . ¢ & ¢ o ¢ 4 4o ¢ ¢ o v s o o o o o« o+ o o« « « < 5H0.35
Overall length, ft . . . « + & ¢ &« ¢« v v ¢ « s o o o o« o« o« « » « hWh.70

Wing:
Area, 8Q £t « ¢ v & 4 4 i v et e e e e e e s e e e e ... .. k250
Airfoil section, Toot . . . . . . . . .. . . ... . NACA 65(31p)-213

Airfoil section, tip . . . . . . . . . . . . . . . . NACA 65(11p)-213
Root-chord incidence, deg€ . - « -« « « v « = « « = s o o« o o o« & 2.5

Tip-chord incidence, deg . . . « . « « « « . . e e e e s e e 2.5
Aspect ratio . . . . e e e e e e e e e e e e e 6.0
Sweepback of leading edge of wing, deg « ¢ 4 4 e e e e e e e 0
Dihedral, leading-edge chord line, deg . « = « « « « « « « « & 6.0
Mean aerodynamic chord, €, in. . . . . . ¢« . ¢ ¢« ¢+ ... . 115.00

Leading edge of mean aerodynamic chord rearwerd of leading
edge of wing, In. . ¢ « « ¢ ¢ ¢ 4 b e e e e e 4 e s e e e e 0

Flaps:
Chord, percent of wing chord . . . « ¢« « « ¢« « o ¢+ o o « o« « . 18.75
Area (rearward of hinge line), percent of wing ares . . . . . . 12.55
Span, percent Of Wing 8PAD « .« « + <« « ¢ + o« s ¢ o 4+ o+« MO

Ailerons:
Chord, percent of wing chord . . . . « « « » « . 20.00
Area (rearwsrd of hinge line), percent of wing aref . o« . o . . 5.90
Span, percent Of Wing 8PAN .« « « o « + « « & o o » o « o+ o+ o o+ 44.8

Horlzontal tail surfaces:
Total area, 8@ £t . « « = v v ¢ « ¢« « o« « o « o o = « + « « o+ 108.0
Spen, ft . . . . . . e e et e s e s e e e s e e e s 23337
Elevator area (rearward of hinge line), sq ft . + « =« < . . . . 30.0
Distance from normal center of gravity to elevator hinge
line, L + + ¢ v o 4 v e 4 e s e e e e e e e e e e e e ... 2420

Vertical tail surfaces:
Total area, 8@ ££ « « « v v o ¢ 4 @ ¢ o o « o o o & s e - . . . 36.0
Rudder area (rearward of hinge line), 8d Ft .« « v v ¢ v o . .. 13.2
Distance from normal center of gravity to top of rudder
hinge line, £t . ¢ & ¢ ¢ ¢ ¢ 4 ¢ ¢t 4 4 6 e o v o 4 v o o« . 25.05

e e e e e ey e e e < = e e e A e e e
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TABLE IT
MASS PARAMETERS, CONTROL SETTINGS, AND DEVELOPED-SPIN

CHARACTERTSTICS FOR ATRPLANE CONFIGURATION

Mass parameters:
Welght, 1D « . ¢ & v ¢ v ¢ v v 4 v o o o v o o o o o o« o v o . 17,855
X[ it e e e e et e e e e e e e e e e e e e e e e e e .., 0,212
C o v o o o o o o e e e e s s e s s e e e e e s 4 .. 0.009
g at 15,000 feet altitude O A )
IX, slug-ft2 . . . . . . ¢ ot 4 e e e e e e e e e e e e . . 17,342
Ty, sIug-ft2 . . ¢« & v v v 4 4 o e 4 e 4 e e e e e e e e e . . 37,920

Iz, slug-ft2 . . 53,396

Iy - Iy )
a e IR EE NI e e e . . . =T X10

I -Tz ... ... 1l0x10%
2

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
3
.
.
.
.
.

- X 257 X 107%

b2

In

Control settings:
Elevator, up (stick back), deg . . « « - . . c e e e e e 20
Allerons, against spin (stick left in spin to pilot's
right), deg . . . . . . . Tih
Rudder with spin (right pedal forward in spin to
pilot's right), deg . . . . « ¢« « ¢ .+ .+ . . e e e e e .. 30

Developed spin characteristics:
Ve or Q, radiansfsec . . . . . . . . . e e e e e e e e .. 2,165

—ee, deg . . . . . . . e o o o s o e s o s s e e s s s e e o Ly
P, deg « « + . . . . 0.4
Vv,ft/seco..........-.....;.......- 216

Ry B ¢ o v o o o o o e o e e e e e s e e e e e e e e e e .. 6.62
O 1= S e e e e e e . 46
By @BE « « o o o s o 4« s s e e o s e e e e e e e e e e e e =BL
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Projection of g

Horizontal

-
L,p
*

Figure l.- Body system of axes. Arrows indicate positive directions of
the forces, moments, velocities, and angles.
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Z

Figure 2.- Sketch illustrating Euler's space angles.
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Elevator hinge

Aileron hinge

Rudder hinge ll A

/__C/\ ' 65¢ 101_90"

Figure 3.- Drawing of l/lO—scale rotary-balance model of fighter airplane.
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Figure 4.- Calculated time histories of the linear accelerations along
the X, Y, and Z body axes for two applied antispin yawing moments.
Time at which recovery is completed is indicated by vertical arrows
in time scale.
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Figure 5.- Calculated time histories of the angular accelerations about
the X, Y, and Z body axes for two applied antispin yawing moments.
Time at which recovery is completed is indicated by vertical arrows
in time scale.
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Figure 6.- Calculated time histories of the angle of attack and sideslip
for two applied antlspin yawing moments. Time at which recovery
is completed is indicated by vertical arrows in time scale.
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Figure 7.~ Calculated time histories of 6, and @, for two applied

antispin yawing moments. Time at which recovery is completed is
indicated by vertical arrcws in time scale.
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Figure 8.- Calculated time histories of the terms composing the linear
accelerations along the X, Y, and Z body axes for the condition where
20,000 foot-pounds of antispin yawing moment was applied. Time at
which recovery is completed is indicated by vertical arrow in time
scale.
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Figure 9.- Calculated time histories of the terms composing the linear
accelerations along the X, Y, and Z body axes for the condition where
40,000 foot-pounds of antispin yawing moment was applied. Time at
which recovery is completed is indicated by vertical arrow in time
scale.
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40,000 foot-pounds of antispin yawing moment was applied. Time at

which recovery is completed is indicated by vertical arrow in time
scale. .
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Figure 14.- Calculated time histories of VR and Vy for two applied

antispin yawing moments. Time at which recovery is completed is
indicated by vertical arrows in time scale.
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for two applied antispin yawing moments. Time at which recovery
is completed is indicated by vertical arrows in time scale.
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